Dysfunction in the contractile properties of the diaphragm muscle contributes to the morbidity and mortality in many neuromuscular and respiratory diseases. Methods that can accurately quantify diaphragm function in mouse models are essential for preclinical studies. Diaphragm function is usually measured using the diaphragm strip. two methods have been used to attach the diaphragm strip to the force transducer. the suture method is easy to adopt but it cannot maintain the physiological orientation of the muscle fibers. Hence, results may not accurately reflect diaphragm contractility. The clamp method can better maintain diaphragm muscle fiber orientation but is used less often because detailed information on clamp fabrication and application has never been published. Importantly, a side-by-side comparison of the two methods is lacking. To address these questions, we engineered diaphragm clamps using mechanically highly durable material. Here, we present a detailed and readyto-use protocol on the design and manufacture of diaphragm clamps. Also, we present a step by step protocol on how to mount the diaphragm strip to the clamp and then to the muscle force measurement system. We compared the diaphragm force from the same mouse with both suture and clamp methods. We found the clamp method yielded a significantly higher muscle force. Finally, we validated the utility of the clamp method in the mdx model of Duchenne muscular dystrophy. In summary, the clamp method described in this paper yields reliable and consistent diaphragm force data. this method will be useful to any laboratory interested in performing mouse diaphragm function assay.
Different methods have been used to secure the mouse diaphragm strip to the force transducer. These include stainless steel hooks 3 , sutures 2,5-7 , and clamps [8] [9] [10] . Since hooks may damage the diaphragm strip, this method is no longer used. Currently, the diaphragm strip force is measured using either the suture method or the clamp method. The suture method has been described in detail in the literature (www.treat-nmd.eu/downloads/file/ sops/dmd/MDX/DMD_M.1.2.002.pdf) 5 . This method does not need special materials. However, the physiological orientation of the diaphragm muscle fiber is distorted (Figs. 1B and C).
In order to maintain the diaphragm strip in its physiological shape, the clamp method was developed [8] [9] [10] . This method requires specially designed clamps to hold the rib and central tendon. Unfortunately, none of the published papers provided detailed information on the supplier, catalog number, the type and the size of the clamps [8] [9] [10] . No information is available on how the clamps are designed, manufactured, and used [8] [9] [10] .
To address these issues, we custom designed two sets of diaphragm clamps, one set for the rib cage and the other set for the central tendon (Fig. 2) . These clamps are not slippery and they can firmly hold the rib and central tendon during twitch, tetanic and eccentric contraction. Here, we provide detailed information on the design, manufacture, and use of these clamps. To determine whether the distortion of the diaphragm strip shape influences the outcome, we measured diaphragm force from the same mouse using the suture method and our newly designed clamp method. We found the clamp method yielded significantly higher muscle force when compared with the suture method. To establish the utility of the new clamp method for preclinical study, we compared diaphragm force between normal C57Bl/10 (abbreviated as BL10 in this paper) mice and dystrophic mdx mice. We demonstrated that the clamp method can reliably measure force deficits in the mdx diaphragm.
Materials and Methods
experimental mice. All animal experiments were approved by the Animal Care and Use Committee of the University of Missouri and were in accordance with NIH guidelines. Dystrophin-deficient mdx mice and normal control BL10 mice were originally purchased from The Jackson Laboratory (Bar Harbor, ME). Experimental mice were generated by in-house breeding in a barrier facility using the breeders purchased from The Jackson Laboratory. The genotype of the mice was confirmed by PCR according to our previously published protocol 11 . Animal information is provided in the results section.
Design of the diaphragm strip clamps. Two sets of clamps were designed by the author CHH (Fig. 2) to securely hold the diaphragm strip to the force transducer without imposing stress onto the muscle. The first set of clamps was designed to hold the rib and is named the "rib clamp" in this paper ( Fig. 2A,C,H) . The second set of clamps was designed to hold the central tendon and is named the "tendon clamp" in this paper (Fig. 2B ,D,G). Each set of clamps is composed of a bottom plate and a top plate. The two plates are assembled together using two screws (Nylon hex head screw, 1/8′ width, 3/16′ long, 2-56 thread diameter size, McMaster-Carr, catalog number 99091A076, https://www.mcmaster.com/99091a076, Chicago, IL). At the tip of the rib clamp, a groove was designed to securely hold the entire length of the rib in the diaphragm strip without imposing stress on the muscle ( Fig. 2A,G) . The size of the groove in the rib clamp was determined according to the anatomic circumference of the mouse rib to allow for easy fit. In the tendon clamp, the tip of the top and bottom plate remained flat but was v-grooved to allow a firm holding of the central tendon, without changing the physiological shape of the diaphragm strip. A hole was made at the distal end of bottom plate of the tendon clamp to tie a 4-0 suture loop. The loop connected to the force transducer lever arm via a stainless steel hook (Fig. 2F) . The weight of the stainless steel hook and the assembled tendon clamp are 0.03 g and 0.53 g, respectively. In our laboratory, we used the in vitro muscle apparatus from Aurora Scientific (Aurora Scientific, Inc., Aurora, ON, Canada) for force measurement. The fixed post of the muscle apparatus system is not compatible with our custom-designed diaphragm The prototypes of these designs were first produced using the 3D printing technology at the University of Missouri 3D Printing Facility (http://library.missouri.edu/printanything3d/). The final products were manufactured using polyethylene terephthalate, a material with excellent wear resistance and superior dimensional stability, at the University of Missouri Physics Machine Shop (University of Missouri, Columbia, MO).
Diaphragm strip mounting plate. Beside the clamps, we also made a diaphragm strip mounting plate with the Sylgard (Dow Corning, Midland, MI). Briefly, the Sylgard was prepared according to manufacture direction and poured into a 120 mm petri dish (USA Scientific, Ocala, FL) to a height of 2 mm (Fig. 3A ). Before the Sylgard was cured, the bottom plate of the tendon clamp was immersed in the Sylgard at the center of the plate (Fig. 3B,C ). Once the Sylgard was completely cured, the clamp plate was carefully removed leaving a permanent template-like shape of the bottom plate of the tendon clamp engraved in the Sylgard (Fig. 3D-F ).
Diaphragm muscle dissection.
Mice were anesthetized via intra-peritoneal injection of a cocktail containing 25 mg/ml ketamine, 2.5 mg/ml xylazine, and 0.5 mg/ml acepromazine at 2.5 µl/g body weight, then euthanized by cervical dislocation. Immediately after euthanization, the diaphragm was removed en bloc with the intact lower rib cage and rinsed with the 30 °C oxygenated (95% O 2 -5% CO 2 ) Ringer buffer (pH 7.4; composition in mM: 1.2 NaH 2 PO 4 , 1 MgSO 4 , 4.83 KCl, 137 NaCl, 24 NaHCO 3 , 2 CaCl 2 , and 10 glucose) to wash off blood.
Diaphragm strip preparation.
All tools needed to perform the diaphragm strip preparation are presented in Fig. 4 . After removing the diaphragm muscle from the mouse, the diaphragm was transferred to the dissection plate (Fig. 4E) . The dissection plate is a 120 mm petri dish (USA Scientific, Ocala, FL) filled with the Sylgard (Dow Corning, Midland, MI) to a height of 5 mm. An oxygen bubbler (Radnoti LLC, Covina, CA) was placed on top of the Sylgard to oxygenate the Ringer buffer during the diaphragm strip dissection. Also, a thermocouple bead probe (B&K Precision Corporation, Yorba Linda, CA) was placed on the Sylgard to assure that the oxygenated Ringer buffer temperature was maintained at 30 °C throughout the dissection procedure. A heat pad (Sunbeam products Inc., Boca Raton, FL) was placed under the dissection plate to keep the buffer temperature at 30 °C during dissection. The oxygen bubbler and the temperature probe were secured to the dissection plate with a surgical tape (3 M, St. Paul, MN) ( Fig. 5A) . Diaphragm strip mounting with the suture method. Diaphragm strip mounting was performed according to the published protocol as described in the TREAT-NMD web site (http://treatnmd.ncl.ac.uk/downloads/file/sops/dmd/MDX/DMD_M.1.2.002.pdf). Specifically, two 4-0 sutures were tied at the protruding ends of the rib and then the two sutures were tied together to form a loop ( Fig. 7A-C) . Another 4-0 suture was tied around the central tendon near the muscle tendon junction (Fig. 7D,E) . The suture loop was attached to a stainless hook to connect with the force transducer. The central tendon suture was fixed in the fixed post (Fig. 7F) . The diaphragm strip was vertically positioned between two platinum electrodes (Fig. 7F) , and was submerged in a 30 °C jacketed organ bath containing the oxygenated Ringer buffer. The muscle length was adjusted to generate a 1 g resting tension.
Diaphragm muscle force assay. Muscle force was evaluated at 30 °C in the Ringer buffer with a 305B dual-mode servomotor transducer (Aurora Scientific, Inc., Aurora, ON, Canada). The transducer was operated using the Dynamic Muscle Control software (DMC; version 3.12; Aurora Scientific). Data were analyzed using the Dynamic Muscle Analysis software (DMA; version 3.12; Aurora Scientific) and the DMA high throughput software (Version 2.0; Aurora Scientific). Exactly identical protocol was used to measure diaphragm contractility irrespective of the diaphragm mounting method (suture or clamp). However, due to the attachment of the tendon clamp to the transducer, we first balanced the transducer with the tendon clamp. Specifically, the assembled tendon clamp (without the diaphragm strip) was attached to the stainless-steel hook connected to the leveler arm and the weight of the clamp was tare (zero) using the DMC software. The electrical current was delivered by a pair of platinum electrodes flanking the diaphragm muscle strip (Figs. 6F and 7F ). After the diaphragm strip Step-by-step demonstration of the mounting of the diaphragm strip to the clamps and then to the muscle force system. (A,B) Mounting the central tendon to the tendon clamp. Asterisk, the hex wrench used to secure the clamp plates with the nylon hex screws. (C-E) Mounting the rib to the rib clamp and assembling the rib clamp. White arrowhead, stainless steel hook. Black arrow, a gap between the top plate and the bottom plate of the rib clamp. This is intentionally designed so that the rib clamp will not clamp on the diaphragm muscle after the clamp is assembled. (F) The final assembly of the diaphragm strip to the muscle force assay system using the clamp approach. White arrows, platinum electrodes. White arrowhead, stainless steel hook.
www.nature.com/scientificreports www.nature.com/scientificreports/ was transferred from the dissection plate to the tissue organ bath, it was allowed to equilibrate for 5 minutes. The diaphragm strip was then stimulated three times at 150 Hz with 1 minute rest between each stimulus to warm-up the muscle 12, 13 . The optimal muscle length (Lo) was determined based on the isometric twitch force 14 . Briefly, twitch stimulation was applied while the muscle was strained at different lengths. The length that yielded the highest force was defined as Lo, and the muscle length was measured with an electronic digital caliper (McMaster, Chicago, IL). After the identification of Lo, we determined the optimal current and optimal stimulation duration.
To determine the optimal current, first the muscle was set to Lo and stimulated at 1 Hz using 200 mA. Muscle force was recorded and analyzed following stimulation. Then, the muscle was re-stimulated after 60 seconds rest at a higher current and force was analyzed. The current was increased by an increment of 100 mA between each stimulus until muscle force reached the highest value and additional increase in the current resulted in force reduction. The current which produced the highest muscle force without inducing force drop was determined as the optimal current and used in the subsequent experiment steps. In our experimental setup, 800 mA consistently produced the maximal force without inducing muscle fatigue and was determined as the optimal current. To determine the optimal stimulation duration, the muscle was first stimulated at optimal Lo and current for 100 msec. The muscle force was recorded and analyzed. Then, the muscle was re-stimulated after 60 seconds rest at a longer stimulation duration and the force was analyzed. The stimulation duration was increased by an increment of 50 msec between each stimulus until muscle force reached the maximal stable plateau. Additional increase in the stimulation duration resulted in force reduction near the end of the stimulation. Thus, the duration which produced the maximal stable plateau was determined as the optimal stimulation duration and used in the subsequent experiment steps. In our experimental setup, 300 msec was sufficient to produce a maximal stable force plateau. The absolute twitch force (Pt) was measured at 1 Hz. The optimal maximal isometric tetanic force was determined by stimulating the muscle at different frequencies (5, 20, 40, 60, 80 , 100, 120, 150 and 180 Hz), with 1 min rest between each stimulus. The highest force produced from these stimuli was considered as the absolute tetanic force (Po). After a 3 min rest, we determined the percentage of the force drop through 10 repetitive cycles of eccentric contraction. In each cycle the muscle was stimulated using the frequency that produced Po for 500 msec. After 300 msec stimulation, the muscle was stretched by 10% Lo at 0.5Lo/sec for 200 msec. The muscle was rested for 1 min between each cycle. At the end of the experiment, the diaphragm strip was gently removed from the clamps. The rib as well as the central tendon were carefully dissected and the weight of the diaphragm strip was measured. The specific force (N/cm 2 ) was calculated after normalizing the Po to the muscle cross-sectional area (CSA). The CSA was calculated according to the following equation, CSA = (muscle mass)/[(1.0 × optimal muscle length) × (1.06 g/cm 3 )]. 1.0 represents the ratio of the fiber length to the optimal muscle length (Lf/Lo) for the diaphragm muscle 6 . 1.06 g/cm 3 is the muscle density.
In a different study, the diaphragm muscle force was evaluated in the presence and absence of d-tubocurarine ( Supplementary Fig. 1 ). The diaphragm muscle strip from 3-month-old male BL10 mice (n = 4) was prepared and mounted as described above. The twitch and tetanic forces were first determined in the absence of d-tubocurarine as described above. After the force values were recorded and analyzed, d-tubocurarine was added to the Ringer buffer at a final concentration of 30 µM 6, 15 . After 5 min of incubation, the twitch and tetanic muscle forces were re-measured. Addition of d-tubocurarine did not significantly change the twitch and tetanic muscle forces ( Supplementary Fig. 1 ).
Figure 7.
Step-by-step demonstration of the mounting of the diaphragm strip to the muscle force system using the suture approach. (A-E) Tying sutures to the protruding ends of the rib and the central tendon. Black arrowheads, the protruding ends of the rib. (F) Attachment of the diaphragm strip to the muscle force assay system using the suture approach. White arrows, platinum electrodes. White arrowhead, stainless steel hook.
The clamp-based assay successfully detected muscle function deficiency in dystrophic mdx mice. To further validate our clamp method, we measured diaphragm force in 4-month-old male BL10 and mdx mice ( Table 1) . Mdx mice are the most commonly used animal models for DMD, a lethal degenerative muscle disease 16 . It is well established that diaphragm muscle function is significantly compromised in mdx mice.
The diaphragm strip weight and cross-sectional area were significantly increased in mdx mice ( Table 1) . Interestingly, the optimal muscle length was significantly decreased in mdx mice ( Table 1 ). The specific twitch and tetanic forces were significantly decreased in mdx mice (Fig. 9) . The force-frequency study further confirmed significant reduction of muscle force in the mdx diaphragm ( Fig. 9, Supplementary Fig. 2 ). Besides muscle force, we also examined the kinetics properties of the maximum tetanic force. The time to peak tension was significantly shorter in mdx mice, while the half relaxation time was significantly increased. Eccentric contraction is a sensitive assay often used to study muscle injury in DMD models. As expected, the mdx diaphragm was significantly more susceptible to eccentric contraction-induced muscle force drop ( Fig. 9, Supplementary Fig. 3 ).
Discussion
In this study, we described and validated a novel clamp-based assay to study the mechanical function of the mouse diaphragm. The clamps were designed with the considerations of unique anatomic features of the mouse diaphragm ( Figs. 1 and 2) . To allow easy adoption of our technique by other investigators, we provided detailed information on clamp manufacture, diaphragm dissection and diaphragm mounting (Figs. 2-6) . In a side-by-side Figure 8 . Comparison between the suture and clamp approaches. Quantitative comparison of diaphragm strip weight, optimal length (Lo), Cross sectional area (CSA), the specific twitch force (sPt), specific tetanic force (sPo), Time to peak tension (TPT), half relaxation time (1/2RT) between the suture and clamp approaches using diaphragm strips from 8-month-old male BL10 mice. Error bars are mean ± SD. Asterisk, clamp approach is significantly different from that of the suture approach.
comparison experiment, we found the clamp method yielded significantly higher specific twitch and tetanic forces than the suture method (Fig. 8) . We further showed that the clamp method reliably detected contractile deficiency in the dystrophic diaphragm ( Fig. 9 , Table 1 , Supplementary Figs. 2 and 3) .
Diaphragm is a highly utilized muscle in the body. Diaphragm dysfunction leads to life threatening consequences. Ability to accurately quantify diaphragm force is a necessity in preclinical studies in a mouse model. The diaphragm strip can be mounted on the force transducer using either a suture or clamp approach. Two different suture methods have been described. In one method, the rib end of the diaphragm strip is tied with a single suture. Penetrating the suture through the rib is technically challenging and would likely damage the muscle fiber (www.treat-nmd.eu/downloads/file/sops/dmd/MDX/DMD_M.1.2.002.pdf) (Fig. 1B) . The problem encountered with the single suture method can be solved by using two sutures with each suture tied to one end of the rib (Fig. 1C) . Despite this improvement, the suture method still has a major drawback. Specifically, it is difficult to maintain a diaphragm strip in its physiological shape. This is largely because (a) the rib can be easily bent when sutures are pulled towards opposite directions during muscle contraction, and (b) the suture that ties the central tendon will inevitably squeezes nearby myofibers and alters their physiological organization. As a consequence, physiological orientation of the diaphragm muscle fiber is distorted. This deformation causes uneven force load on the diaphragm strip (Figs. 1B,C and 7) .
To determine whether the morphological change in the diaphragm strip can influence force measurement results, we compared muscle force between the suture and the clamp methods from the same mouse (Fig. 8) Table 1 . Anatomic properties of the diaphragm strip in Fig. 9 . * Significantly different from that of the agematched BL10 controls. Values are means ± SD. avoid bias, all the force assay was performed using the same instrument by the same investigator (TBL). We also rotated between the left and right side of the diaphragm strip and alternated the order of the diaphragm mounting method (suture or clamp). Although the suture method and clamp method yielded similar results for contraction kinetics (time-to-peak tension and half relaxation time), we found the specific twitch and tetanic forces were significantly reduced when diaphragm was mounted using the suture method. Our results suggest that distortion of diaphragm muscle fiber organization in the suture method indeed compromised force production. It is worth pointing out that pathological changes (such as inflammation and fibrosis) are often not uniformly distributed in a diseased diaphragm. In these occasions, it is important to use a wide diaphragm strip for force measurement because data from a narrow muscle strip will less likely to reflect the disease in the whole diaphragm. However, for strips that were wider than 4 mm, it has been shown that the suture method resulted in artificial reduction of the specific muscle force because of the unnatural folding of the strip 5 . This will not be an issue with our novel clamp design, because the width of the clamps can be readily adjusted during manufacturing. In a preliminary study, we have successfully measured the force in diaphragm strips 6 to 8 mm wide.
The ultimate goal of our study is to apply the clamp method in preclinical studies. To this end, we compared the diaphragm strip force from age and sex-matched normal BL10 mice and dystrophin-null mdx mice (Fig. 9 , Table 1 , Supplementary Figs. 2 and 3) . The mdx mouse is a well-established animal model to study Duchenne muscular dystrophy. It has been shown by many groups that the force and kinetic properties of contraction are altered in the mdx diaphragm. Consistent with the literature, we found that the specific twitch force, specific tetanic force and time-to-peak tension were significantly reduced while the half-relaxation time was significantly increased in the mdx diaphragm. The force-frequency curve and eccentric contraction profile further demonstrated dysfunction of the mdx diaphragm ( Fig. 9 , Table 1 , Supplementary Figs. 2 and 3) .
In summary, we reported the detailed design and manufacture information for making mouse diaphragm clamps. We also provided the step-by-step working protocol on using the clamp method to study mouse diaphragm function. Importantly, we showed superior performance of the clamp method compared to that of the suture method. We further showed that the clamp method can reliably detect diaphragm function deficits in a diseased diaphragm. Our method will enhance the reliability and reproducibility of the mouse diaphragm force assay.
